ABSTRACT: The Cu(I) metal-to-ligand charge-transfer complex, [Cu(dsbtmp) 2 ] + (dsbtmp = 2,9-di(sec-butyl)-3,4,7,8-tetramethyl-1,10-phenanthroline), exhibits outstanding stability as a visible-light-absorbing photosensitizer in hydrogen-evolving homogeneous photocatalysis. In concert with the Co(dmgH) 2 (py)Cl water reduction catalyst and N,N-dimethyl-p-toluidine sacrificial donor in 1:1 H 2 O:CH 3 CN, this Cu(I) sensitizer remains active even after 5 days of visible-light-pumped (λ ex = 452 ± 10 nm) hydrogen evolution catalysis. Deuteration studies illustrate that the hydrogen produced from this composition does indeed originate from aqueous protons. P hotosynthesis of fuels powered by sunlight represents a sustainable, carbon-neutral approach suitable for future energy challenges.
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1,2 Sunlight-driven water splitting requires sensitizers that can capture and convert solar photons into redox equivalents that are ultimately coupled to catalysts that operate the relevant half-reactions. 3 In terms of proton reduction catalysis, significant effort has been dedicated to both photosensitizer (PS) and water reduction catalyst (WRC) design. 4−7 In the interest of long-term sustainability, an ideal scenario is one where both the molecular PS and the WRC are composed exclusively of earth-abundant elements and the resulting composition exhibits long-term fuel-forming stability. 8−11 While significant progress has been made in terms of earth-abundant WRCs, only a handful of PSs in this category have been successfully applied to solar fuels photochemistry. 9 14 Since a vast number of PS performance metrics have been evaluated using the Co(III) diglyoxime WRCs whose mechanism of hydrogen evolution was elucidated, the Co-(dmgH) 2 (py)Cl (dmgH = dimethylglyoximate, py = pyridine) species was selected for the present proof-of-concept experiments using [Cu(dsbtmp) 2 ] + . 8,9,15−21 Additionally, N,Ndimethyl-p-toluidine (DMT) was chosen as the sacrificial electron source since its associated radical cation DMT +• is known to dimerize instead of engaging in destructive highenergy radical chemistry with the PS and/or WRC. 22 The structures of the molecules used in this hydrogen-producing composition are presented below.
The light-energized Cu(I) PS is oxidatively quenched by Co(dmgH) 2 Figure S1 ) and cannot be reductively quenched by DMT ( Figures S7 and S8) . In contrast to most other compositions utilizing the Co-(dmgH) 2 (py)Cl WRC, this reaction initiates exclusively from oxidative quenching of the excited PS by the catalyst, taking Co(III) to Co(II), and then DMT regenerates the resting state of the PS through thermal electron transfer. Under the reaction conditions used ([DMT] = 0.07 M), dimerization of the DMT radical cation will necessarily occur prior to other ill-defined chemistry. 22 Potentials E Co(II)/Co(I) and E Cu(II)/Cu(I) * are similar ( Figure S8 ), implying that the second reduction likely occurs at a slow rate. 13 Alternatively, Co(II) might disproportionate [2Co(II) → Co(I) + Co(III)], yielding the desired Co(I) species poised for hydrogen evolution.
In a typical experiment, a 10 mL solution of 1:1 ACN:H 2 O containing the appropriate concentration of each component was prepared in an airtight glass vial, and the pH was adjusted by addition of HCl. All solutions were degassed by a series of vacuum and argon pressurization cycles, and then the individual samples were illuminated from the bottom using blue LEDs (452 ± 10 nm, 540 mW). The mixtures were maintained at 20°C throughout the illumination period while being constantly agitated at 100 rpm. H 2 production was monitored in real time using pressure transducers, and the final amounts of hydrogen were quantified by both mass spectrometry and gas chromatographic analysis of the reactor headspace. The pH optimization study illustrated that the yield of hydrogen was maximized between 5.5 and 6.5 ( Figure S2 ). In all experiments reported here, the Cu(I) PS and DMT concentrations were fixed at 2. M; these conditions were determined to be the optimum concentrations in terms of total accumulated hydrogen yield ( Figure S3 ). Control experiments indicated that hydrogen is produced only when all three components are present in solution.
The unparalleled stability of this Cu(I) PS was ascertained through near-complete regeneration of catalysis subsequent to Cu(I) PS precipitation (using pure water) followed by redissolution into fresh 1:1 CH 3 CN:H 2 O solution containing DMT and Co(dmgH) 2 (py)Cl, Figure 1 . It was not surprising that the catalyst was the least stable moiety in the composition, as it has been shown to be quite labile in numerous photocatalytic H 2 -producing schemes. 8, 15, 23 Note that the PS is not decomposed under photocatalytic conditions, as ascertained by identical MLCT absorption for the precipitated Cu(I) samples after the end of a given hydrogen-producing cycle compared to the same solution maintained in the dark ( Figure S4 ). Due to this less than quantitative precipitation procedure, it was found that the Cu(I) PS could be isolated with 83 ± 9% yield ( Figure S5 ) after each cycle; the experimental conditions ensured near-complete absorption of the blue incident photons in each cycle. The UV−vis ( Figure  S5 ) and ESI-MS ( Figure S6 ) taken before and after 5 days of catalysis clearly indicated that [Cu(dsbtmp) 2 ] + remains intact under the photocatalytic conditions, suggesting further application of this first-row transition metal sensitizer in related energy conversion schemes. As in other schemes using the Codmg platform, 8, 15, 23 the TON was a mere 35 (H 2 /Co) on average, calculated after the end of each catalytic cycle, and the TOF was 5 (TON/h). It is important to note that 40% of the Cu(I) PS was recovered after six consecutive long-term photocycles ( Figure S5) , and most of the Cu(I) PS loss can be attributed to the non-ideal precipitation procedure performed after each cycle (Figures S4−S6) . We believe that the small quantum yield of hydrogen production (∼0.3%) as well as the TONs can be significantly optimized in the future by utilizing superior hydrogen-evolving catalysts and alternative electron donors. , the catalyst also limited the performance, with a TON of 31 (H 2 /Co) and a TOF of 17 (TON/h) ( Figure S9 ). The faster rate of hydrogen production was attributed to reductive quenching of [Ru(bpy) 3 ] 2+ * by DMT (k q = 3.7 × 10 Figure S10 ), which yields a strongly reducing and long-lived [Ru(bpy) 3 ] + species thermodynamically capable of performing both Co(III)/Co(II) and Co(II)/Co(I) reductions ( Figure S11 ).
The molecular nature of the hydrogen-producing photocatalysis from Co(dmgH) 2 (py)Cl was previously ascertained using the mercury poisoning test, 21 and it was verified here by no detectable formation of nanoparticles beyond 1 nm through dynamic light scattering experiments.
Finally, deuterated water was used in place of H 2 O to glean insight into the source of protons reduced by this photocatalytic composition. H 2 was the sole gaseous product formed in the headspace of the reaction mixture in 1:1 H 2 O:CH 3 CN as ascertained by MS (Figure 2a) . The origin of H 2 is believed to be aqueous protons since D 2 constituted the major product when D 2 O was substituted for H 2 O (Figure 2b ). This strongly suggests that neither is H 2 a direct byproduct of DMT dehydrogenation, nor does it originate from the CH 3 CN cosolvent. The large deuterium incorporation into the gaseous hydrogen products (0.5% H 2 , 4.5% HD, 95% D 2 ) provides strong evidence that molecular H 2 is indeed derived from water in this photocatalytic composition.
A water-compatible homogeneous photocatalytic composition made up of all earth-abundant elements has been developed to drive solar hydrogen production. Excited-state oxidative quenching of the Cu(I) PS by the molecular cobalt catalyst initiates the photocatalytic cycle, and the PS is ultimately regenerated by sacrificial donation of one electron by DMT. The DMT radical is believed to rapidly engage in bond-forming chemistry, yielding a DMT dimer that can also serve as a sacrificial donor possessing a redox potential almost identical to that of DMT itself. 22 Within this hydrogenproducing composition, the Cu(I) PS displayed unprecedented photostability under visible-light illumination for 5 days without losing structural integrity. Deuteration studies performed on the composition leave little doubt that the hydrogen produced from visible-light excitation originates from aqueous protons. These results represent important findings toward the development of sensitizers composed of earth-abundant elements intended for homogeneous and perhaps heterogeneous solar fuels photocatalysis. Similarly, we believe that [Cu(dsbtmp M Co(dmgH) 2 (py)Cl. The control vial contained 0.07 M DMT dissolved in 1:1 CH 3 CN:H 2 O at pH 6.5, intended to measure the background signal resulting from the solvent mixture and spectrometer outgassing. All samples were deaerated by purging with ultra-highpurity argon gas.
